To identify low-penetrance susceptibility alleles for chronic lymphocytic leukemia (CLL), we performed a case-control study genotyping 768 single-nucleotide polymorphisms (SNP) in 692 cases of CLL and 738 controls. We investigated nonsynonymous SNPs, SNPs with potential functional effect, and tag SNPs in regulatory gene regions in a total of 172 genes involved in cancer biology. After adjustment for multiple testing, we found a strong association between CLL risk and six genetic variants: CCNH (rs2266690, V270A), APAF1
Introduction
Chronic lymphocytic leukemia (CLL) is the most prevalent type of human leukemia in Western countries and accounts for about 40% of all leukemias in adults over the age of 65 years. This neoplasm is characterized by the progressive accumulation of B lymphocytes that express CD5 (1) . The genetic and molecular mechanisms involved in the development of the disease are not well known, but recent observations suggest that the modulation of survival signals interfering with programmed cell death pathways and stimulating proliferation may be a pivotal mechanism in the pathogenesis of CLL (2) . Microenvironment signals mediated by stromal cells and extracellular matrix, chemokines, cytokines, other ligands, and their receptors create a network of interactions that also modulate the biology of the tumor cells (2) .
Family and epidemiologic studies have shown the existence of an inherited susceptibility to CLL and other B-cell lymphoid neoplasms (3) (4) (5) (6) (7) . However, genome-wide screening of families with CLL has not identified clear candidate genes (8) (9) (10) (11) . Although part of the familial incidence of CLL could be due to high-penetrance mutations in unidentified genes, it seems plausible that common genetic variants with modest effects on disease susceptibility may be related to this risk.
Multiple association studies are been carried out to identify common causal variants to CLL, comparing the frequency of some single-nucleotide polymorphisms (SNP) in candidate genes between patients and control subjects (12) . Recent developments in high-throughput genotyping technology allow the analysis of thousands of SNPs (13) . Usually, these studies include nonsynonymous SNPs, but recently, other approaches have been done investigating functional SNPs, SNPs in the coding and noncoding regions, or/and tag SNPs that may maximize the recognition of the common variation across a given gene (14, 15) .
To evaluate the genetic susceptibility for CLL, we performed a case-control study genotyping 768 SNPs in 692 CLL patients and 738 healthy controls from the Spanish population. The study includes nonsynonymous SNPs selected from genes involved in cancer biology, SNPs in potentially functional regions (coding and regulatory gene regions), and tag SNPs from 48 genes involved in apoptosis, immune response, DNA repair, and cell adhesion pathways. Our results suggest that common genetic variants in apoptosis and immunoregulation related genes are associated with risk of CLL.
Materials and Methods
Study population. This study includes 692 incident CLL and 738 controls. Subjects were recruited in three medical centers from Spain: two centers from Barcelona (Hospital Clínic and Institut Català d'Oncologia) and one from Alava (Txagorritxu Hospital). Cases were defined as consecutive patients with the diagnosis of chronic lymphocytic leukemia and with an available blood sample for DNA extraction before any treatment. The diagnosis of CLL was established using standard clinicopathologic and immunophenotypic criteria in accordance with the 2001 WHO classification guidelines (16) . For the Hospital Clinic and Txagorritxu Hospital, controls were selected from a population-based sample repository of healthy subjects residing in the same area as the cases, whereas for the Institut Català d'Oncologia patients, the controls were clinic-based selected among patients with no hematologic cancer that were also residents in the same area as the cases. All controls were matched by age, sex, and center and were unrelated to other participants. All cases and control subjects were Spanish Caucasians. All cases and controls signed an informed consent and the study was approved by the Institutional Board.
SNP selection. Candidate SNPs were identified following three strategies, mainly focused to include SNPs with putative functional effect in protein structure and gene expression. The initial step was to search for nonsynonymous SNPs with possible functional effect in genes that could be relevant in CLL pathogenesis. These nonsynonymous SNPs were searched in an initial list of 618 genes involved in hematologic system development and function, immune response, cell death, DNA replication, DNA recombination, DNA repair, cell cycle, cell signaling and interaction, cell motility, and cell growth. These genes were obtained from a systematic Medline search to identify the reports published on lymphoid neoplasm and CLL using these categories as key words in the queries.
In a second step, we selected SNPs located within putative functional regions [5 ¶ upstream, 5 ¶-untranslated region (UTR), coding region, splicing sites, first intron, 3 ¶-UTR, and downstream]. These SNPs were searched in 48 genes that we prioritized from the genes obtained in step 1. These genes were included based on their involvement in immune response, cell death, and DNA repair pathways that were considered of potential relevance in CLL pathogenesis according to the literature review (Supplementary Table S1 ). The SNPs in these 48 candidate genes were searched in the 10 kb 5 ¶upstream from the start codon, first intron, and 1 kb downstream from the stop codon of each candidate gene. The genetic polymorphisms included in this group were SNPs disrupting potential transcription factor binding sites predicted by the web software Pupas View 7 (17) and SNPs located in conserved sequences in several species determined using the UCSC Genome Browser Database. 8 In addition, several tag SNPs were selected to cover those SNPs located in these putative regulatory gene regions that did not show evidence of functionality. In this study, tag SNPs are defined as variants with r 2 z 0.98 with other SNPs in HapMap individuals with European ancestry (CEU; Tagger, Haploview 3.2; ref. 18 ). Finally, we selected all genes that contained SNPs previously reported in the literature to be associated with CLL and other lymphoid neoplasms.
We selected only SNPs with a minor allele frequency >5% (z0.05) in Caucasic population of the HapMap-CEU Europe (19) Genotyping. Genomic DNA was isolated from peripheral blood lymphocytes using conventional DNA extraction procedures. Blood samples and written informed consent were obtained in accordance with the Institutional Ethical Committees and the Hospital Clinic Human Investigation Review Committee for Genetics Procedures. Genomic DNA was quantified using PicoGreen and diluted to a final concentration of 50 ng/AL. Genotyping was carried out at the Spanish National Genotyping Centre (CeGen) using a high-throughput platform of Illumina Bead Array System (Illumina). The results obtained for blinded duplicate blood DNA samples were concordant for all SNPs.
Statistical analysis. Genotypic frequencies in control subjects for each SNP were tested for departure from Hardy-Weinberg equilibrium using a Fisher's exact test (20) .
Gene-disease associations. To test the hypothesis of association between genetic polymorphisms and CLL, multivariate methods based on logistic regression analyses were used. To quantify the degree of the association, odds ratios (OR) and 95% confidence intervals (95% CI) were calculated for each group under the codominant, dominant, recessive, and log-additive inheritance models. All analyses were adjusted for age, sex, and center of recruitment.
Because many SNPs have been explored and several inheritance models have been used, some may show significant results by chance. We assessed the robustness of the findings by calculating an estimate of the false discovery rate for significant results. False discovery rate is the expected proportion of false positives (erroneous rejections) among the significant tests (rejections). For this purpose, Q values were computed for each SNPs. Furthermore, to select a set of significant SNPs with an estimated false discovery rate <5%, SNPs with Q < 0.05 were selected (21) .
Population stratification. We applied the method of Genomic Control to estimate quantitatively the amount of population stratification (22) . The Genomic Control model allows for extra variance by assuming that the statistic test is inflated by a factor k that can be estimated for each of the inheritance model. The Genomic Control model approach is based on the assumption that the variance inflation factor k is approximately constant across the genome for all loci that are not associated with the disease.
Haplotype analysis. For 82 genes in which more than one SNPs was genotyped, haplotype block structure was determined with Haploview 3.32 program using the confidence intervals algorithm, which defines pairs to be *Patients and controls had a similar gender and age distribution (P = 0.95 and P = 0.70, respectively). Age and gender were not available in five cases and one case, respectively.
in ''strong linkage disequilibrium'' if the one-sided upper 95% confidence bound on D ¶ is >0.98 (i.e., consistent with no historical recombination) and the lower bound is >0.7 (18, 23) . For each block, haplotypes were analyzed using the haplo.stats package for R statistical software (24) , which implements the expectation maximization algorithm to estimate the haplotype frequencies. For each individual, the compatible haplotypes and their posterior probabilities were computed and coded with dummy indicator variables. The posterior probabilities were used as weights in the logistic regression models to account for uncertainty in the identification of phase-unknown haplotypes. Genotype-gene expression association analysis. Association between genetic variants and germ-line mRNA expression differences was assessed using experimental data of 60 HapMap CEU unrelated individuals, U.S. residents with northern and western European ancestry (25) . HapMap genotypes were downloaded from the release 22 (NCBI build 36) and transcript measurements from the Gene Expression Omnibus record GSE6536, which used the Illumina Sentrix Human-6 Expression BeadChip. Thus, measurements belong to immortalized lymphocytes of healthy CEU individuals. Data were compiled and processed using the R programming language, and associations were assessed with the SNPStats web software (26) by fitting linear equations and P values obtained based on the F test. Results were corroborated using two independently generated data sets in immortalized lymphocytes (27) .
Results
Data and genotyping success. A successful genotyping was obtained in 1,412 of the 1,430 submitted DNA samples (98.7%), 689 of 692 cases (99.5%), and 723 of 738 controls (98.0%). SNP call rates per sample for each of the 1,412 DNA samples were 88.0% (95% CI, 87.7-88.2) in cases and 87.4% (95% CI, 87.2-87.6) in controls. No differences were observed in the age and gender distribution of the CLL patients and controls with a successful genotyping ( Table 1) .
Of the 768 SNPs submitted for analysis, 85 SNPs failed in the genotyping process (no PCR amplification, insufficient intensity for cluster separation, or poor or no cluster definition) and 683 (89%) SNPs were genotyped satisfactorily. Of these, 34 SNPs turned out to be monomorphic, leaving 649 SNPs for which genotype data were informative. For each SNP, the average percentage of samples for which a genotype could be obtained was 98.9% (95% CI, 98.8-99.1) and 98.3% (95% CI, 98.0-98.6) among cases and controls, respectively. Thirty-six SNPs that violated the Hardy-Weinberg equilibrium in controls and 35 SNPs that had a minor allele frequency <1% in the controls were removed from the study, leaving 578 SNPs for further study. In control samples, 43 SNPs had a Table S2 ). Population stratification. To determine whether the observed association results could be due to a stratification of the population, we applied the genomic control method. Estimation of population stratification inflation factor (k) under codominant model was 1.11 (95% CI, 0.81-1.40). Supplementary Fig. S1 shows the Q-Q plot based for the adjusted (considering the k inflation parameter) and unadjusted m 2 test for all inheritance models. Unadjusted and adjusted m 2 plots show very similar distribution, with inflation parameter k being greater in the additive model. Despite this, after adjustment for population stratification, the 27 SNPs with significant association with CLL risk continue (P V 0.01) to be significant (data not shown).
SNPs and risk of CLL. The comparison between CLL patients and controls revealed that 95 SNPs had a significant statistical association with CLL risk (P < 0.05 for any of the inheritance models; Supplementary Table S2 ). The 27 SNPs with a P V 0.01 are shown in Table 2 . After the stringent false discovery rate adjustment to take into account the multiple comparisons, six SNPs remain significantly associated with CLL risk (Q < 0.05). These SNPs were CCNH (rs2266690, V270A), APAF1 (rs17028658, Table 2 .
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www.aacrjournals.org 3 ¶region), IL16 (rs4505265, first intron), CASP8 (rs1045485, D302H), NOS2A (rs2779251, promoter), and CCR7 (rs3136687, intron 1; Table 3 ). The presence of the minor allele of the CCNH, APAF1, CASP8, NOS2A, and CCR7 variants resulted in a protective effect for the risk of CLL (ORs <1; Table 3 ). Although the IL16 variant (rs4505265) was strongly associated with CLL risk (P = 2.2 10 À6 , Q = 0.0005), the OR could not be estimated because the minor allele was not observed in cases and was only present in the heterozygous genotype in controls. The homozygote genotypes for the risk allele of the APAF1 and CCR7 variants were not detected in the CLL group. Haplotypes and risk of CLL. To test the association between haplotypes and risk of CLL, we determined the linkage disequilibrium block structure for each candidate gene. Variants in CASP10/ CASP8 and LTA/TNF genes were analyzed together because these genes are consecutive in the genome. Twenty-two haplotypes were significantly associated with CLL risk (P < 0.05). Frequencies, ORs, 95% CIs, and P values for each haplotype are shown in Table 4 . Six of these haplotypes show P < 0.01. The rs17028658 (APAF1), rs4505265 (IL16), and rs3136687 (CCR7) variants significantly associated with increased CLL risk were also included in haplotypes significantly related to CLL susceptibility (Fig. 1) . However, the rs1045485 (CASP8) and rs2779251 (NOS2A) variants were not included in any linkage disequilibrium block. CCNH rs22666690 was the only SNP genotyped in this gene.
Functional consequences of risk alleles. Our results suggest that variants affecting the germ-line transcription regulation of APAF1, CCR7, IL16, or NOSA2 may contribute to the risk of CLL. To determine the potential functional effect of these changes, we examined the possible consequences of the association between risk or protective alleles and mRNA expression differences in lymphocytes.
The rs4505265 and rs17337098 variants are located within the first intron of IL16 and included in the same linkage disequilibrium block. The heterozygosis of these SNP are too low to be examined in the HapMap data set (25) , but the analysis of larger sample series of gene expression in lymphocytes and paired genetic data shows that variation in these cis elements correlates with germ-line mRNA expression differences of IL16 [cis logarithm of the odds of linkage (LOD) scores of 20 and 2.5 and heritability estimates for ]. Based on these analyses, the risk allele may be associated with lower expression levels of IL16 (27, 28) .
The rs17028658 variant is located a few kilobases distal from the 3 ¶-UTR region of APAF1. Examination of HapMap data set identified significant expression differences between genotypes. The minor allele C seems to be associated with relative lower levels of APAF1; each copy of this allele decreases APAF1 expression in lymphocytes with 0.35 log 2 ratio units (95% CI, À0.65 to 0.05; logadditive model P = 0.023). The association with this allele is protective for the risk of CLL (OR, 0.42; 95% CI, 0.29-0.61). No differences in the expression levels were observed for the CCR7 variant, and the NOS2A variant could not be evaluated because it is not expressed in normal lymphocytes.
In addition, we performed a similar analysis for the 93 SNPs with positive association with CLL risk (P < 0.05) that did not pass multiple testing corrections. SNP variants in BAX, BCL2, ERCC2, GSTM3, IL1A, IL6, and LTA correlated significantly with mRNA expression differences (data not shown). Some of these variants were included in haplotypes that also showed an increased risk for CLL. These data suggest that these additional candidates should be prioritized for replication.
Discussion
In this study, we have successfully genotyped 613 SNPs in 172 genes of potential relevance in the pathogenesis of lymphoid neoplasms in 689 patients with CLL and 723 healthy controls. We have identified 27 SNPs in association with CLL risk (P V 0.01), 6 of them with a strong statistical significant relationship after correction for multiple testing (P V 0.0004 and Q V 0.05). In addition, 22 haplotypes in 17 of these genes were also significantly associated with an increased risk for CLL. These genes were mainly related to apoptosis and immunoregulatory pathways.
Several studies have evaluated the risk of CLL using a restricted number of genetic variants in a limited number of candidate genes, placed in the coding or in the putative promoter sequences (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . To date, only one study has published results of highthroughput genotyping to the study of CLL risk, analyzing a large number of nonsynonymous SNPs in 992 CLL patients and 2,707 controls (13) . In our study, we not only investigated a series of nonsynonymous SNPs that change the coded amino acid but also expanded the selection strategy to tag SNPs to optimize the genotyping analysis and to SNPs located in regulatory regions, including variants in the promoter, first intron, and 3 ¶-UTR gene regions, which may modify gene expression. This approach enriches the study with putative functional SNPs located in regulatory regions. However, it has also the limitation of including a high number of candidate genes with a restricted SNP coverage. Finally, the selection of several SNPs across the same gene allowed us to explore the effect of haplotypes in CLL risk.
Our study showed a strong association with CLL risk after adjustment for multiple testing in six gene variants: CCNH (rs2266690, V270A), APAF1 (rs17028658, 3 ¶region), IL16 (rs4505265, first intron), CASP8 (rs1045485, D302H), NOS2A (rs2779251, promoter), and CCR7 (rs3136687, intron 1).
The CCNH rs22666690 variant (V270A) was associated with a reduced risk for CLL (OR, 0.63; 95% CI, 0.53-0.74). Cyclin H forms a cyclin-dependent kinase (CDK)-activating kinase complex with CDK7 kinase and ring finger protein MAT1 (40) .This complex participates in the regulation of the cell cycle by activating CDK/ cyclin complexes and also facilitates the transcriptional activity of RNA polymerase II (40) . The functional role of the alanine-to-valine substitution in cyclin H protein is not known, and further studies are required to establish whether this variant itself or another variant in strong linkage disequilibrium may play a role in CLL pathogenesis.
Regulation of programmed cell death (apoptosis) has a relevant role in CLL pathogenesis and response to therapy (2) . Caspase-8 and apoptotic protease activating factor 1 (Apaf1) are important initiators of the apoptosis in lymphoid cells. Ours findings suggest that the C variant of rs1045485 in CASP8, which results in an aspartic acid-to-histidine substitution, is associated with a reduced CLL risk (OR, 0.56; 95% CI, 0.44-0.72). The functional consequences of this change are not known, but it is interesting that this polymorphism has been recently found to be strongly associated with reduced breast cancer risk (41) , suggesting a potential common effect of this variant in human cancer susceptibility. Although we have investigated other SNPs in CASP8 gene, rs1045485 was not in linkage disequilibrium with other SNPs, indicating that this variant itself could have a pathogenetic role in CLL. The minor allele C of the APAF1 rs17028658, located a few kilobases distal from the 3 ¶-UTR region, was associated with a protective effect of CLL (OR, 0.42; 95% CI, 0.29-0.61). The functional expression analysis suggests that this allele is associated with significantly lower levels of APAF1 expression. However, this SNP was in linkage disequilibrium with rs10860361, and therefore it is not clear whether the risk effect may be influenced by other SNPs in the same block of linkage disequilibrium.
Ours results suggest that the allele A of the rs2779251 polymorphism in the promoter region of NOS2A is protective for CLL risk (OR, 0.70; 95% CI, 0.57-0.84). NOS2A encodes for the inducible nitric oxide synthase, which produces nitric oxide. Nitric oxide is a reactive free radical that acts as a biological mediator in many physiologic processes, including immune response and antitumoral activity (42) . Although inducible nitric oxide synthase is not expressed in normal lymphocytes, it is up-regulated in CLL cells and the nitric oxide produced by the activity of the enzyme confers resistance to apoptosis in these cells (43) . This SNP is not in linkage disequilibrium with other polymorphisms, suggesting that this variant itself could have a causal effect.
The IL16 rs4505265 variant was strongly related to CLL risk. This SNP is in linkage disequilibrium with the rs17337098 variant also located in the first intron, and a haplotype including both SNPs was also associated with CLL risk. The in silico analysis suggests that these genetic variants and others in the same linkage disequilibrium block influence the germ-line IL16 expression differences in lymphocytes. Although the frequency of this variant in the population examined is relatively low, it is interesting that a nonsynonymous SNP (rs4072111; P434S) of this gene that is not in linkage disequilibrium with the rs4505265 variant has been recently associated with a favorable prognosis in CLL patients, suggesting that variants of this gene may play a role in the pathogenesis of the disease (44) .
The last variant in association with CLL risk detected after multiple testing adjustment was the G allele of rs3136687 polymorphism in the CCR7 gene (OR, 0.40; 95% CI, 0.24-0.67). This variant is located in the first intron and it is in linkage disequilibrium with rs11574665, and the GA haplotype was also associated with CLL risk. CCR7 is a chemokine receptor and the interaction between chemokines and chemokine receptors plays a critical role in B lymphocyte migration and survival (45) .
In addition to the previous six variants, we identified 27 SNPs that showed a significant statistical association with CLL risk (P < 0.01 for someone of the inheritance models; Table 2 ). Among them, the rs1800067 variant (R415Q) in the ERCC4 gene predicts for a possibly damaging effect on the protein structure (46) . ERCC4, also known as XPF, is involved in the nucleotide excision repair pathway and plays an important role in recombination repair, mismatch repair, and possibly immunoglobulin class switching. We also found that the rs4645878 variant (G125A) of the BAX promoter showed association with decreased CLL risk (OR, 0.73; 95% CI, 0.58-0.92; P = 0.0087), and it is included in a haplotype with significant association with low CLL risk (OR, 0.76; 95% CI, 0.60-0.95; P = 0.0188). The presence of this gene variant has been correlated with lower BAX transcript and protein levels in CLL cells (33, 36) , and in our study the rs11667351 variant, which is in linkage disequilibrium with rs4645878, was also associated with lower BAX mRNA levels in lymphocytes. The role of BAX in the CLL pathogenesis is not clear because CLL cells seem to have higher BAX levels than normal B lymphocytes (35) . On the other hand, our observation of a protective effect for the G125A change on CLL risk is paradoxical with its apparent relationship with more advanced stage, treatment resistance, and short overall survival of CLL patients observed in some studies (36) (37) (38) , suggesting a potential different role for this variant in the development and progression of the disease. Among these 27 SNPs (Table 2) , it is interesting that the rs2228014 variant in the CXCR4 gene, rs4647698 in CASP3, and rs2009658 in LTATNF are located at 2q21, 4q35.1, and 6p21.3, respectively, in genomic positions close to the chromosome regions that have been recently identified as susceptibility loci for CLL (8, 11) .
Finally, 22 haplotypes in APAF1, BAK1, BAX, BCL2, CASP1, CASP3, CASP10/CASP8, CCL2, CCR7, CXCL12, IL16, IL6, IL1A, LTA/TNF, and TNFRSF13B genes were significantly associated with CLL risk. Allelic variants in some of these genes may play a role in CLL pathogenesis because they were associated with different transcript levels in our analysis and previous studies have also observed the association of individual SNPs in these genes with CLL risk (29) (30) (31) (32) 34) .
Rudd and colleagues (13) , in a large study of nonsynonymous SNP in CLL patients, detected association of three gene variants implicated in the DNA damage response axis and CLL risk. The design of our study and that of Rudd and colleagues have some differences in the gene and SNP selection. Thus, in addition to a number of nonsynonymous SNP, we included also polymorphisms in regulatory gene regions, tag SNPs, and SNPs with a minor allele frequency >5%. Therefore, the two studies are complementary in the pathways and strategies investigated. The findings in our study emphasizing the association between allelic variants in apoptotic and immunomodulatory genes may reflect the complexity of the genetic variants involved in the susceptibility for CLL. However, the CASP8 and CCNH nonsynonymous SNPs included in both studies were associated with CLL risk only in our study. This association was very strong (P < 4.10 À6 ) even after correction for multiple testing. These differences between the two studies done suggest that CLL genetic susceptibility may be related to population differences. In fact, the minor allele frequencies of the CASP8 and CCNH variants in our control group (17% and 35%, respectively) were significantly higher than in the control group of Rudd's study based on a British population (13% and 21%, respectively; P < 10 À5 ). This finding may be similar to the geographic variation observed in the immunoglobulin gene usages in CLL patients of Mediterranean and Northern European areas, highlighting the potential population-based differences in the molecular pathogenesis of the disease (47) (48) (49) . In summary, the strong association between the allelic variants of genes related to apoptosis and immunoregulation and CLL risk observed in our study suggests that they may influence the development of the disease. The confirmation of these results requires its replication in larger studies including pooled analyses of larger data sets.
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